Introduction
============

Colon cancer is the third most common cancer in the world with a very high mortality rate ([@b1-ol-0-0-11677]). In China, the incidence of colon cancer increased with an average rate of 2.34% per year between 1990 and 2016 ([@b2-ol-0-0-11677]). Age, diabetes, gene mutation, abnormal expression of non-coding RNA and gastroenteric bowel disease are all possible high-risk factors for colon cancer ([@b3-ol-0-0-11677]--[@b7-ol-0-0-11677]). The pathogenesis of colon cancer involves activation of multiple signal pathways. In colon cancer, mitochondrial retrograde pathway mediated by TFAM promotes tumor occurrence by inhibiting Wnt/β-catenin pathway ([@b8-ol-0-0-11677]). The intestinal insulin /IGF-1 pathway promotes the formation of colon cancer tumors by promoting the expression of FoxO1 ([@b9-ol-0-0-11677]).

Inhibitor of growth 4 (ING4) belongs to the growth inhibitory factor family and is a type II tumor suppressor gene ([@b10-ol-0-0-11677]). Ma *et al* ([@b11-ol-0-0-11677]) found that the inhibitory effect of ING4 on melanoma can be realized by activating Fas/caspase-8 apoptosis pathway. Qian *et al* ([@b12-ol-0-0-11677]) believed that ING4 can inhibit the growth and metastasis of liver cancer tumor by inhibiting NF-κB and upregulating FoxO3. ING4 plays an important role in colon cancer. In colon cancer, ING4 inhibits cell proliferation and reverses epithelial-mesenchymal transition by regulating the expression of target proteins such as p-Stat3, Ki-67, p21 and E-cadherin ([@b13-ol-0-0-11677]--[@b15-ol-0-0-11677]).

GLI1 protein belongs to the zinc finger protein Kruppel family, and GLI1 is closely related to cancer. GLI1 can inhibit the expression of E-adherin protein in breast cancer cells after being activated by SHH protein, and eventually weaken the ability of cell migration and invasion ([@b16-ol-0-0-11677]). The high expression of GLI1 in glioma cells can promote the proliferation and activity of glioma cells and reduce the sensitivity of cells to vincristine ([@b17-ol-0-0-11677]). In colon cancer, GLI1 is activated by PI3K/Akt/NF-κB pathway and can regulate cell biological processes such as epithelial-mesenchymal transition and cell cycle ([@b18-ol-0-0-11677]). In addition, the co-expression of GLI1 and p-S6K protein is closely related to lymph node metastasis and TNM staging ([@b19-ol-0-0-11677]).

Bevacizumab is a common anticancer drug. In order to understand the effect of bevacizumab on colon cancer and its relationship with GLI1 and ING4, the rat colon cancer model was induced by azoxymethane (AOM) and treated with bevacizumab.

Materials and methods
=====================

### AOM-induced colon cancer model in rats

SD male rats were randomly divided into control group, sham operation group, negative control group (NC group), model group, low-dose bevacizumab group and high-dose bevacizumab group with 10 rats in each group. Except control group and sham operation group, rats in other groups received intraperitoneal injection of AOM (1 ml, 15 mg/kg, dissolved in PBS buffer) once every 2 weeks. The rats in the control group did not receive any treatment, while the rats in the sham-operation group received intraperitoneal injection of 1 ml of PBS buffer once every 2 weeks. After modeling, the low-dose bevacizumab group was treated with 25 g/l of bevacizumab (dissolved in 0.9% NaCl solution), the high-dose group was treated with 100 g/l bevacizumab (dissolved in 0.9% NaCl solution), and the NC group was treated with 0.9% NaCl solution injection. The length and width of the tumor were measured and recorded every 1 week starting from 0 weeks after modeling, and the tumor was weighed 3 weeks after modeling to record the tumor quality. Tumor volume = tumor length, tumor width 2, tumor inhibition rate = 100% (1 - tumor mass in bevacizumab treatment group/tumor mass in negative control group).

The study was approved by the Ethics Committee of General Hospital of Heilongjiang Province Land Reclamation Bureau (Harbin, China).

### Cell culture and transfection

Colon cancer cells SW480 and SW620 were purchased from the Cell Bank of the Typical Culture Preservation Committee of the Chinese Academy of Sciences (Shanghai). The above cells were were cultured in animal cell incubator at 37°C with 5% CO~2~ before transfection. The culture medium system was RPMI-1640 medium + 10% fetal bovine serum solution + 1% penicillin/streptomycin solution. Subsequent experiments would be carried out after cell culture to logarithmic growth phase.

The day before transfection, the culture medium was replaced with fetal bovine serum-free culture medium. On the day of transfection, cells were inoculated into 6-well plates with 1×10^5^ cells/well. GLI1, siRNA, ING4 siRNA and NC were all purchased from Shanghai Sangon Biotech. Cell lines were transfected with Lipofectamine 2000 transfection kit (Invitrogen; Thermo Fisher Scientific, Inc.). The procedures referred to the kit instructions. After 8 h of transfection, fresh culture was replaced. Then cells were cultured in animal cell incubator at 37°C with 5% CO~2~. Subsequent experiments can be carried out after 48 h of continuous culture.

### Flow cytometer

The sample to be tested was prepared into cell suspension. The number of cells was controlled to 1×10^6^. Cells were immobilized in 70% ethanol ice-cold solution for 30 min at 4°C. The ethanol solution was then removed and the cell particles were incubated in Annexin V-FITC/7-AAD mixed solution. FACScan flow cytometer (BD Biosciences) was used to analyze the apoptosis.

### MTT assay

Transfected cells with good growth status were enzymatically hydrolyzed for 2 min, then the enzyme solution was sucked and fresh culture medium was added to prepare cell suspension. Four 96-well plates were taken and cells were inoculated into the well plates according to the specification of 5×10^3^ cells/100 µl/well, with 3 wells in each group. One well plate was taken out every 24 h, 5 mg/ml MTT solution was added 10 µl/well, the cells were continued to culture for 1 h, then the culture medium was sucked, and the OD value was measured at 570 nm with an enzyme reader. The experiment was repeated 3 times to visualize the cell activity-time curve.

Colon cancer cells were inoculated into 96-well plates with 8×10^3^ cells per well, cultured in animal cell incubator at 37°C with 5% CO~2~ for 12 h, then added with bevacizumab (1-1,000 g/l, with the increase of concentration gradient rises) for further culture. After 48 h, 10 l MTT was added to each well for 1 h in dark room. After that, the culture medium was sucked. The OD value at 570 nm was measured by an enzyme-labeled instrument, and the cell activity-concentration curve was drawn. SPSS analysis curve was used to determine the IC~50~ value of the semi-inhibitory concentration. The experiment was repeated 3 times.

### Western blot analysis

Part of rat colon cancer tissue was taken and cut to pieces, and tissue samples were treated with cell protein extract (cell lysate: protease inhibitor: phosphatase inhibitor = 98:1:1), the extractive solution was centrifuged at 1.6×10^4^ × g at 4°C for 15 min, and the supernatant was collected. The supernatant was subjected to SDS-PAGE electrophoresis to distinguish proteins. The proteins were transferred to NC membrane and placed for 1 h at room temperature (the blocking solution was 5% skim milk-PBS solution). GLI1, ING4, caspase-3, Bax, β-catenin, Bcl2, PTEN, PI3K, Akt, NF-κB primary antibodies were then added and placed overnight at 4°C. PBS solution was used for washing, the operation was repeated three times, goat anti-rabbit secondary antibody (HRP crosslinking) was added, and the mixture was placed for 1 h at room temperature. Finally, the membrane was washed with PBS solution and visualized using enhanced chemiluminescence method. The internal reference protein was β-actin, and the relative expression level of the protein to be detected = gray value of the band to be detected/gray value of the β-actin band. GLI1, ING4, caspase-3, Bax, β-catenin, Bcl2, PTEN, PI3K, Akt, NF-κB, β-actin and goat anti-rabbit antibody were all purchased from Shanghai Abcam Company.

### Statisticsal analysis

The above index data were input into SPSS 20.0 software package (Asia Analytics Formerly SPSS China), and GraphPad Prism 6.0 was used for statistical analysis. Each experiment was repeated 3 times. The measurement data were expressed by mean ± SD. Independent sample t-test was used for the data comparison method between the two groups. One-way ANOVA was used for the comparison among multi-groups, LSD-t test for pairwise comparison afterwards. All data were tested by two-tailed test. The value of 95% was taken as confidence interval, the difference was statistically significant when P\<0.05.

Results
=======

### Bevacizumab inhibits GLI1 and promotes ING4

In this study, AOM was used to induce colon cancer model in rats, and bevacizumab was given to colon cancer model rats. The expression of GLI1 and ING4 in rat colon cancer tissues was detected by western blot analysis, and the results are shown in [Fig. 1](#f1-ol-0-0-11677){ref-type="fig"}. Compared with the control group, GLI1 expression was upregulated and ING4 expression was downregulated in the model group. Compared with the model group, GLI1 expression was downregulated in low-dose bevacizumab group and high-dose bevacizumab group, while ING4 expression was upregulated. In addition, the change degree of GLI1 and ING4 in low-dose bevacizumab group was less than those in high-dose bevacizumab group. The above results indicated that bevacizumab can inhibit GLI1 and promote ING4 for colon cancer treatment.

### Bevacizumab effectively inhibits tumor growth

In order to verify the inhibitory effect of bevacizumab on colon cancer tumors, the tumor weight and volume were measured and the tumor inhibitory rate was calculated. The results are shown in [Fig. 2](#f2-ol-0-0-11677){ref-type="fig"}. Compared with the model group, the tumor volume in the bevacizumab treatment group decreased and increased slowly with the time. The tumor weight of bevacizumab treatment group was also statistically smaller than that of the model group. In addition, the tumor inhibition rate of low-dose bevacizumab group was lower than that of high-dose bevacizumab group. The above results indicated that bevacizumab can inhibit tumor growth, and its inhibitory effect may be dose-dependent.

Bevacizumab promotes apoptosis by promoting caspase-3, Bax, PTEN and inhibiting β-catenin, Bcl2, PI3K, Akt, NF-κB. In order to understand the molecular mechanism of bevacizumab in the treatment of colon cancer, the apoptosis was detected by flow cytometry and the expression of related proteins was detected by western blot analysis. [Fig. 3A](#f3-ol-0-0-11677){ref-type="fig"} showed that compared with the control group, the apoptosis rate of the model group was reduced. Compared with the model group, the apoptosis rate of bevacizumab treatment group increased, and the apoptosis rate of low-dose group was lower than that of high-dose group. [Fig. 3B and C](#f3-ol-0-0-11677){ref-type="fig"} showed that compared with the control group, the expression of PTEN, caspase-3 and Bax in the model group was downregulated, and the expression of PI3K, Akt, NF-κB, β-catenin and Bcl2 were upregulated. Compared with the model group, the expression of PTEN, caspase-3 and Bax in bevacizumab treatment group was upregulated, while PI3K, Akt, NF-κB, β-catenin and Bcl2 were downregulated, and the change degree in high dose group was greater than that in low dose group. The above results showed that bevacizumab can promote cell apoptosis by promoting the expression of caspase-3, Bax and PTEN and inhibiting β-catenin, Bcl2, PI3K, Akt and NF-κB.

### GLI1 inhibits apoptosis, while ING4 promotes apoptosis

In order to understand the effect of GLI1 and ING4 on colon cancer, siRNA was used to silence GLI1 and ING4 of colon cancer cells, MTT was used to detect cell activity, and flow cytometry was used to detect cell apoptosis. [Fig. 4](#f4-ol-0-0-11677){ref-type="fig"} showed that the deletion of GLI1 inhibits cell activity and promotes cell apoptosis. The deletion of ING4 increases cell activity and inhibits cell apoptosis. The above results showed that GLI14 inhibits cell apoptosis and promotes cell proliferation, while ING4 inhibits cell proliferation and promotes cell apoptosis.

### Effect of GLI1 and ING4 on apoptosis protein and PTEN/PI3K/Akt/NF-κB pathway

[Fig. 5A and B](#f5-ol-0-0-11677){ref-type="fig"} showed that ING4 upregulates the expression levels of caspase-3 and Bax, and downregulates β-catenin and Bcl2. GLI1 upregulates β-catenin and Bcl2, and downregulates caspase-3 and Bax. [Fig. 5C and D](#f5-ol-0-0-11677){ref-type="fig"} showed that ING4 promotes PTEN expression and inhibits PI3K, Akt, NF-κB. GLI1 inhibits PTEN expression and promotes PI3K, Akt and NF-κB expression.

### GLI1 and ING4 affect the sensitivity of colon cancer cells to bevacizumab

In order to discuss the significance of GLI1 and ING4 in bevacizumab in the treatment of colon cancer, the IC~50~ value was collected by MTT method, and the effects of GLI1 and ING4 on the sensitivity of cell bevacizumab were discussed. The results of [Fig. 6](#f6-ol-0-0-11677){ref-type="fig"} showed that, compared with NC group, the deletion of GLI1 increases the IC~50~ value of cells with bevacizumab, while the deletion of ING4 decreases the IC~50~ value of cells with bevacizumab. The above results showed that GLI1 decreases the sensitivity of cells to bevacizumab, while ING4 increases the sensitivity of cells to bevacizumab.

Discussion
==========

Bevacizumab is a humanized monoclonal antibody against vascular endothelial growth factor, which can inhibit tumor by inhibiting vascular endothelial growth factor ([@b20-ol-0-0-11677]). The results in this study verified that the tumor volume and weight are significantly reduced after treating with bevacizumab, and the curative effect of bevacizumab may be dose-dependent. The results showed that bevacizumab could upregulate ING4, promote cell apoptosis and inhibit cell activity. The increase of ING4 can promote the downstream NF-κB and FoxO3 apoptosis pathways ([@b11-ol-0-0-11677],[@b12-ol-0-0-11677]), so the increase of ING4 is the direct cause of the increase of cell apoptosis rate. In this study, the downregulation of caspase-3, Bax and β-catenin expression and the increase of apoptosis rate in colon cancer cells after knockout of ING4 also prove that ING4 can induce apoptosis.

GLI1 is a promoter of colon cancer ([@b18-ol-0-0-11677],[@b19-ol-0-0-11677]). The results showed that the loss of GLI1 leads to increased apoptosis, decreased cell activity, and upregulated expression of caspase-3, Bax and β-catenin. The above results indicated that GLI1 inhibits cell apoptosis to promote colon cancer. It is worth mentioning that bevacizumab also caused GLI1 downregulation after treating colon cancer model rats. ING4 upregulation caused by bevacizumab may be the reason for GLI1 downregulation. In colon cancer, PI3K/Akt/NF-κB pathway can be used as upstream factor to activate GLI1, while PI3K/Akt/NF-κB pathway is negatively regulated by PTEN ([@b18-ol-0-0-11677],[@b21-ol-0-0-11677]). Previous studies have shown that ING4 is co-expressed with PTEN ([@b22-ol-0-0-11677]--[@b24-ol-0-0-11677]). In addition, ING5, a homologous protein of ING4, inhibits Akt activity ([@b25-ol-0-0-11677]). In this study, after bevacizumab treatment of colon cancer model rats, PTEN expression is upregulated, while PI3K, Akt, NF-κB expression is downregulated. Based on the results of this study and previous studies, it is speculated that the upregulation of ING4 caused by bevacizumab can promote PTEN expression, while PTEN and ING4 will jointly inhibit the activity of PI3K/Akt/NF-κB pathway. Finally, this series of cascade reactions lead to the decrease of GLI1 expression with the decrease of upstream pathway activity.

The results also suggested that GLI1 can reduce the sensitivity of colon cancer cells with bevacizumab, while ING4 can improve the sensitivity of colon cancer cells with bevacizumab, which indicates that regulating GLI1 and ING4 expression in clinical application is helpful to improve the efficacy of bevacizumab.

The results of this study showed that bevacizumab inhibit colon cancer cells by regulating the expression of GLI1 and ING4, and found that the dosage of bevacizumab affected its therapeutic effect on colon cancer. In the future experimental design, the expression of GLI1 and ING4 can be used as the standard to further discuss the effects of different doses of bevacizumab on colon cancer model rats, and to select the better dose. In addition, it is also possible to find upstream and downstream factors that change by regulating the expression of GLI1 and ING4 in colon cancer, thus supplementing the mechanism network of colon cancer.

In conclusion, GLI1 downregulation and ING4 upregulation were found in the treatment of colon cancer model rats with bevacizumab, and it is believed that the upregulation of ING4 caused by bevacizumab can inhibit GLI1 expression through PTEN/PI3K/Akt/NF-κB pathway. In addition, GLI1 can reduce the sensitivity of colon cancer to bevacizumab, while ING4 can enhance the sensitivity of colon cancer to bevacizumab. Therefore, in clinical treatment, targeted regulation of the expression levels of GLI1 and ING4 will help to improve the effectiveness of bevacizumab in the treatment of colon cancer.
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![Bevacizumab inhibits GLI1 and promotes ING4. \*\*\*P\<0.01 compared with the control group; ^\#\#\#^P\<0.01 compared with model group.](ol-20-02-1263-g00){#f1-ol-0-0-11677}

![Bevacizumab effectively inhibits tumor growth. (A) Inhibitory effect of bevacizumab on tumor volume; \*\*P\<0.01, \*\*\*P\<0.001, compared with control group, (B) Inhibitory effect of bevacizumab on tumor weight; \*\*\*P\<0.001, compared with model group. (C) The therapeutic effect of bevacizumab may be dose-dependent; \*\*\*P\<0.001, compared with low bevacizumab.](ol-20-02-1263-g01){#f2-ol-0-0-11677}

![Bevacizumab promotes cell apoptosis by promoting caspase-3, Bax, PTEN and inhibiting β-catenin, Bcl2, PI3K, Akt, NF-κB. (A) Bevacizumab promotes cell apoptosis; \*\*\*P\<0.001, compared with control group, and ^\#\#\#^P\<0.001, compared with model group. (B) Bevacizumab upregulates PTEN and downregulates PI3K, Akt, NF-NF-κB; \*\*\*P\<0.001, compared with control group, ^\#^P\<0.05 and ^\#\#^P\<0.01, compared with model group. (C) Bevacizumab upregulates caspase-3 and Bax and inhibits Bcl2 and β-catenin; \*\*\*P\<0.001, compared with model group, and ^\#^P\<0.05 and ^\#\#^P\<0.01, compared with model group.](ol-20-02-1263-g02){#f3-ol-0-0-11677}

![GLI14 inhibits cell apoptosis and promotes cell proliferation, while ING4 inhibits cell proliferation and promotes cell apoptosis. (A) GLI1 increases the activity of SW480 cells, ING4 decreases the activity of SW480 cells. (B) GLI1 promotes SW620 cell activity, ING4 inhibits SW620 cell activity; (C) GLI1 promotes cell apoptosis, ING4 inhibits cell apoptosis. (D) flow cytometry was used to detect the effect of GLI1/ING4 on apoptosis of SW480 cells. (E) Flow cytometry was used to detect the effect of GLI1/ING4 on apoptosis of SW620 cells. \*P\<0.05, \*\*P\<0.01 compared with NC group.](ol-20-02-1263-g03){#f4-ol-0-0-11677}

![Effect of GLI1 and ING4 on protein. (A) Effects of GLI1 and ING4 on caspase-3, Bax, Bcl2 and β-catenin in SW480. (B) Effects of GLI1 and ING4 on caspase-3, Bax, Bcl2 and β-catenin in SW620. (C) Effects of GLI1 and ING4 on PTEN, PI3K, Akt and NF-κB in SW480. (D) Effects of GLI1 and ING4 on PTEN, PI3K, Akt and NF-κB in SW620; \*P\<0.05 compared with NC group.](ol-20-02-1263-g04){#f5-ol-0-0-11677}

![GLI1 and ING4 affect the sensitivity of colon cancer cells to bevacizumab. (A) Cell activity of SW480 cells treated with different doses of bevacizumab. (B) IC~50~ value of SW620 cell with bevacizumab. (C) IC~50~ value; \*\*P\<0.01 compared with NC group.](ol-20-02-1263-g05){#f6-ol-0-0-11677}
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